The objective of this paper is the reconstruction of upper airway geometric models as hybrid meshes from clinically used Computed Tomography (CT) data sets in order to understand the dynamics and behaviors of the pre-and postoperative upper airway systems of Obstructive Sleep Apnea Syndrome (OSAS) patients by viscous Computational Fluid Dynamics (CFD) simulations. The selection criteria for OSAS cases studied are discussed because two reasonable pre-and postoperative upper airway models for CFD simulations may not be created for every case without a special protocol for CT scanning. The geometry extraction and manipulation methods are presented with technical barriers that must be overcome so that they can be used along with computational simulation software as a daily clinical evaluation tool. Eight cases are presented in this paper, and each case consists of pre-and postoperative configurations. The results of computational simulations of two cases are included in this paper as demonstration.
Introduction
Obstructive Sleep Apnea Syndrome (OSAS) is one of the most common sleep disorders and an important public health problem to address. There is increasing evidence that OSAS is associated with a considerable number of adverse sequelae, both behavioral and physical. Behavioral consequences include daytime sleepiness, impaired concentration and neuropsychological dysfunction, whereas physical consequences include cardiovascular disorders, particularly myocardial infarction and hypertension. Young et al. estimated that 2% of women and 4% of men in the middle-aged work force meet the minimal diagnostic criteria for sleep apnea syndrome [36] . Approximately one in five adults has at least mild OSAS, and one in 15 adults has OSAS of moderate or worse severity [37] . The prevalence of OSAS increases with age, with a 2-to 3-fold higher prevalence in older persons (≥ 65 years) compared with those in middle age (30-64 years) [37] . It is estimated that 98% of adults with OSAS lack specific upper airway pathology of an obstructing nature, such as benign or malignant neoplastic lesions originating in pharyngeal structures or inflammatory or metabolic enlargement of pharyngeal soft tissue structures [25] .
In order to treat OSAS, it is important to understand the severity of OSAS and the site of obstruction in each patient. Clinical indications for upper airway imaging, including nasopharyngoscopy, cephalometrics, Computed Tomography (CT), and Magnetic Resonance Imaging (MRI), are evolving for patients being treated with dental appliances and upper airway surgery. MRI and CT allow quantification of the airway and surrounding soft tissue structures in three dimensions (3D). Imaging studies provide significant insight into the static and dynamic structure and function of the upper airway and soft-tissue structure during wakefulness and sleep. However, after many attempts to assess and predict physical pathologies and outcomes of treatment for OSAS [6] [17] [18] [23] , it is still difficult to demonstrate, predict, and compare the anatomy of the pharynx in patients with OSAS. Therefore, better diagnostic methods must be developed to help direct treatment options and to improve surgical outcomes.
Computational simulations have recently been performed to better understand the 3D flow in human nasal cavities and/or upper airways [5] [38] . However, there are several technical barriers that must be overcome so that Computational Fluid Dynamics (CFD) can be used as a daily clinical evaluation tool. Those barriers are due to not only the complex flow patterns in flexible airway walls including laminar, turbulent and transitional flow phenomena, but also the geometrical complexity of the human airways, which need to be reconstructed from medical image data. We in hold and Mlynski reported that the most time-consuming and error-prone step of their approach for simulating airflow in the human nose was the manual geometrical reconstruction of the nasal cavity from coronal CT scans because of the existence of a variety of possible causes for uncertainties, such as the spatial resolution and quality of the medical images, difficulties in precisely determining the boundary between the flow domain and the mucous membrane, or the transient nature of the interior nasal anatomy [33] . Although the small slice thickness of medical image data can greatly improve the quality of extracted airway models, their anatomical accuracy should still be validated by medical professionals. Yu et al. used the CT data with a slice thickness of 0.6 mm for OSAS pre-and postoperative upper airway simulations [38] , but the details of their geometry extraction and mesh generation processes were not available.
Therefore, the focus of this paper is the reconstruction of upper airway geometric models from CT data as computational meshes (triangular meshes for the upper airway walls and hybrid meshes inside) to analyze and understand the dynamics and behavior of the human respiratory system. The hypothesis of our study is that the chances of correction of OSAS by Maxillomandibular Advancement (MMA) can be predicted by analyzing anatomical airway changes using 3D geometrical reconstruction and CFD simulations. MMA is one of the most effective surgical options to treat OSAS [30] [31] . Generalized multi-level pharyngeal collapse is thought to be the etiology of OSAS. It is difficult to clinically identify the specific site of obstruction, and it is anticipated that computational simulations will help the surgical prognosis. Since CT data has been used for pre-and postoperative clinical evaluation by measuring the anteroposterior and lateral airway dimensions, there is no extra burden for each patient to participate in this study. Pre-and postoperative CT upper airway data have been taken from 23 patients, eight of which have been chosen to generate 16 airways for CFD simulations. Two airway models are needed for every patient, which induces issues on the head position and the condition of nasal cavities to be discussed in Sections 2 and 3, respectively. Those issues are not trivial for CFD simulations, but have not been discussed in literature. Mihaescu et al. used two pharyngeal airway models of a patient before and after adenotonsillectomy [19] . Although the exclusion of the nasal cavities could make the geometry extraction process simple, the selection of a proper boundary condition could be difficult. Yu et al. created two upper airway models for each of two patients [38] . The head positions of both of the preoperative upper airway models were slightly different from those of the corresponding postoperative upper airway models, which could affect the computational results and their comparisons between pre-and postoperative changes. It is assumed in our study that the airways are rigid. This assumption poses a concern of neglecting tissue flexibility. The degree of this effect, including material property changes due to aging effects especially for children [15] , has not been understood completely and should be thoroughly investigated in future studies.
There are a couple technical challenges in the reconstruction of upper airways. The extraction of geometrical models from the CT scan data can be done using open-source or commercial software tools (e.g., [1] [2]). However, the extraction often cannot be done automatically. There is expertise in choosing extraction methods and applying them with appropriate parameters in the proper order. Mesh generation is an essential preprocess for many computational simulations. It is important to have meshes of high quality while maintaining geometric fidelity so that the computational simulations can be performed in a robust and accurate manner. However, mesh generation for complex airway geometry can be challenging. The remainder of the paper is organized as follows. In Section 2, selection criteria for OSAS cases are presented. Section 3 introduces geometry extraction and manipulation methods used in our study to create upper airway models from CT data sets, which do not have high enough axial resolution for extracting detailed nasal cavities. Several technical issues are provided to discuss the reasons why the automation of this process is difficult. Next, mesh generation methods are presented in Section 4. In Section 5, resulting meshes and preliminary computational results are reported. Closing remarks are given in Section 6.
Selection of OSAS Cases
Upper airway CT data sets for 23 OSAS cases that have been entered into our study are listed in Table 1 . Selection criteria of OSAS cases are based on not only statistical analysis of significant and very minor improvement cases from the MMA surgery, but also the condition of airway geometries in the CT data sets. There is a limitation of medical image scanning systems. A CT scan of an upper airway takes a few seconds. Compared to an MRI scan, this is fast enough for patients to hold their breath. However, different sections of the airway are still scanned at different times, so the airway geometry can be altered. The CT data sets used in our study were originally obtained for clinical evaluation purposes. As a result, some of the CT data sets are not appropriate for numerical analyses.
There are two important selection criteria for the CT data sets in our CFD study, which are not explicitly discussed in literature. First, an airway can be very narrow at the pharynx, but should not be closed for calculating pressure efforts. Many OSAS patients have airway collapse at the end of expiration (exhalation) when supine in the CT scanner as shown in Figure 1 . There is no easy way to correct the collapsed airways. Although this problem can also be seen in literature [29] , it is not discussed as a potential limitation of image-based computational and experimental simulations. Second, head positions should be similar in the two CT data sets for each patient scanned before and after the MMA surgery. Two airway models need to be created from the data sets to evaluate the surgical effect. If the head positions are changed as shown in Figure 2 , for example, the airway geometries are also changed, which will affect CFD results. Despite the widespread use of the CT scanning technology in airway assessment in OSAS patients, no standard scanning protocol exists [26] . A new protocol for CT scanning must be developed in the future in order to reconstruct appropriate upper airway models for every MMA surgery evaluation.
Geometry Extraction and Manipulation
To extract patient-specific airway geometries from CT data, the open-source libraries, the Insight Segmentation and Registration Toolkit (ITK) [1] and the Visualization Toolkit (VTK) [2] , are used. CT data is provided by an imaging system as a series of two dimensional (2D) axial slices through a subject. The slice thickness varies from 1.25 to 3.00 mm in each CT data set as listed in Table 1 , but most are 2.50 mm thick. The in-plane resolution is approximately 0.5 mm × 0.5 mm. When calibrated to provide a high density of slices that overlap each other slightly, this data can be treated as a 3D volume image of the subject. This raw CT data is then smoothed to remove high-frequency noise by light Gaussian blurring filter. This approach provides superior results to typical 2D filtering on individual slices, as the additional information from neighboring slices is exploited. The resulting volume image is then segmented using a region-growing algorithm based on seed points that are specified by the user. This resulting volume is then used as the foundation for the creation of a triangulated surface using the Marching Cubes approach [16] .
The geometry manipulation process for creating upper airway models for CFD simulations from low-resolution CT data sets is difficult to be automated. To analyze the air flow in the pharyngeal airway of a patient by CFD, an upper airway model including the nasal cavity is needed to develop the flow properly before it reaches the pharynx. However, the nasal cavity is geometrically complex, and the CT data slice thickness of 2.5 mm is still not enough to represent all of the details of the morphology of the nasal cavity and to separate it from the sinuses. Note that the large slice thickness also appears on extracted surfaces as an unavoidable stair stepping effect as shown in Figure 3 , even after a shape smoothing method is applied [28] . The border between the nasal cavity and sinuses is often unclear. To create a better nasal cavity model, the border between nasal cavity and sinuses can be reconstructed from a stack of planar contours, each of which is segmented from a coronal slice [8] . Many manual modifications are still expected with the large slice thickness. Moreover, two airway models are needed for each patient at the time of pre-and postoperative evaluation in our study to evaluate the surgical effect, but the condition of the nasal cavity can be significantly changed, an unintentional effect of MMA surgery. A change in the amount of nasal mucus may be involved. The biggest change of the nasal cavity in the 23 cases in this study is observed in Case 14 as shown in Figure 3 . The right nasal cavity is completely closed in the preoperative upper airway model, while the left is almost closed in the postoperative model. Although Case 14 is precluded from the CFD study because of the closed nasal cavities, minor changes in the other cases may still affect computational results.
The purpose of our CFD simulations is to calculate the pressure difference at the pharyngeal airway, where the MMA surgery increases the space post-operatively. The nasal cavities are included in our upper airway models to develop airflows properly, not to analyze the detailed flow patterns at the nasal cavities. We assume that the nasal cavity geometry extracted from the CT data sets with the large slice thickness is sufficient for calculating the pressure difference at the pharyngeal airway. The following geometry extraction and manipulation steps are taken to create a pair of upper airway models for each patient as shown in Figure , and VTK contour filter for extracting airway surface geometries. The same parameters can be used for those filters except the connected threshold filter, which is applied in the range from −1024 HU to around −300 HU. The upper threshold usually depends on each data set, and the outcome of the skin, especially around the mouth, is used as a good indicator to see if the selected upper threshold is reasonable.
2. Geometry manipulation of the postoperative upper airway model to remove the facial skin, sinuses, and oral cavity if shown (Figure 4e ).
3.
Extraction of the postoperative nasal cavity and superimposing it on the preoperative upper airway model ( Figure 4f and Figure 5 ).
4.
Cropping of the upper airway models to create outlet boundaries.
The detailed structure of the nasal cavity may not be available in Step 1 because of the large slice thickness of original CT data, but this approach ensures the same nasal cavity for preand postoperative upper airway models for each case. The preoperative nasal cavity may be selected if it is better than the postoperative one. Steps 2 and 3 are done using the MixedElement Grid Generator in 3D (MEGG3D) to be introduced in Section 4.
The inlet boundary for the postoperative nasal cavity and outlet boundaries for the pre-and postoperative upper airway models are created in Steps 2 and 4, respectively, by manually defining cutting planes. The outlet plane is defined at the site of the vocal cords in such a way that it is perpendicular to the longitudinal direction of the airway in this region. In Step 3, a cutting plane is also manually defined to remove the lower portion of the postoperative model and the upper portion of the preoperative model as shown in Figure 5a . Since these models are triangulated, triangles intersecting the cutting plane are also removed. The resulting gap is then filled using a Delaunay triangulation method. A shape smoothing method [28] is applied to the surface only around the cutting plane to remove the artifacts (Figure 5b ).
Mesh Generation
To create meshes from the triangulated surface models, MEGG3D, developed by Ito et al. [10] [11] [12] , is used. MEGG3D is a discrete surface based unstructured surface and volume mesh generator with mesh modification and mesh quality improvement tools. The quality of triangulated surfaces created by the Marching Cubes approach is usually poor and cannot be used as computational meshes as-is. A mesh-decimation method combined with a node-smoothing method and an edge-swapping method based on the Delaunay property enables high-quality surface mesh generation semi-automatically [12] . To control the surface mesh density, local surface curvature and volume thickness (i.e., the distance between two surfaces) can be considered.
To create hybrid meshes from surface meshes, a multiple marching direction approach is used for the near-field mesh generation to improve the quality of elements around sharp convex corners [10] [11], which are not usually evident in upper airway models. For the farfield tetrahedral mesh generation, an advancing front method is used.
Figures 6, 7 and 8 show hybrid meshes generated for pre-and postoperative upper airway models of Case 12. The pre-and postoperative meshes have 173k and 158k nodes, respectively. Note that the increased postoperative pharyngeal airway space is also clearly shown. Our computational simulations are confined to steady laminar and turbulent inspiratory flow because negative intraluminal pressure appears during inspiration, which predisposes to collapse of the airway, while the activity of the pharyngeal dilator muscles increases to oppose these collapsing forces [7] [35] . At the inlet and outlet of each upper airway model, extensions are added by extruding inlet and outlet planes to set inlet and outlet boundary conditions easily for viscous flow simulations, shown as dark gray surfaces in Figure 6 . Ten layers of the inlet plane are added at each inlet. The length of each outlet extension depends on the shape of the airway at the outlet to avoid creating recirculation regions. The cross-sections of the hybrid meshes illustrated in Figures 7 and 8 represent the complexity of the upper airway models, while good-quality elements are created even in narrow domains.
Result and Discussion
Hybrid meshes have been created for eight selected cases thus far. Figures 9, 10 , 11, 12, 13, 14 and 15 illustrate the meshes other than those for Case 12 which were presented in Figures 6 through 8. The postoperative nasal cavities were superimposed on the corresponding preoperative upper airway models except Case 5 shown in Figure 10 . The postoperative pharyngeal airway spaces are increased in all cases. Under the assumption of rigid airway walls, the most challenging part of our CFD simulations is the geometry manipulation and extraction process. Once this process is finished, mesh generation and computational simulations can be done quickly. The large slice thickness of CT data sets is one of the reasons why the geometry manipulation and extraction process is difficult, but even with smaller slice thickness, all the details of complex nasal cavities and sinuses are probably not available due to noise in the medical image and other reasons reported by Weinhold and Mlynski [33] .
Since the focus of this paper is on the geometry and mesh generation for the analysis of OSAS, the CFD model used in our study is briefly described and the computational results for two patients, Cases 1 and 12, are included here for completeness. An unstructured-grid pressure-based Reynolds-averaged Navier-Stokes flow solver called UNIC [3] [24] is used. UNIC has been well validated and employed to simulate a variety of engineering problems ranging from internal to external flows and incompressible to compressible flows. In the present study, a second-order accurate spatial discretization scheme was used. The airflow was modeled as laminar and turbulent in separate simulations. The laminar viscosity of air was calculated using the Sutherland's correlation. An extended k-ε turbulence model [4] was employed to account for the turbulence effect on the flow through the airway. Only the turbulent flow results are included here for demonstration. As mentioned earlier, the dynamic upper airway model was not available; hence, steady-state numerical simulations were performed. In the presented airflow simulations, the air had a pressure of 1 atm at the inlet and was treated as incompressible because of low flow speed. A nominal flow rate, an averaged value calculated based on the weight of the patient and a tidal volume of 7 cc/kg for one breathing cycle (12 cycles/min), was specified at the inlet. At the outlet plane of each upper airway model, a mass flow rate conservation condition was imposed, and the pressure at the outlet was calculated as a part of the solution. The density and viscosity of air used were 1.23 kg/m −3 and 1.81 × 10 −5 kg/m/s, respectively. To illustrate the computational efficiency, the preoperative upper airway of Case 1 has 520k cells, and parallel computing with eight CPUs and a time step size of 5.0 × 10 −4 s were used to simulate this case. 50,000 time steps were performed, which required about 40 hours of wall clock time.
The pressure effort, ΔP, defined as the difference between the pressure along the upper airway walls and that at a reference location, was used as the key parameter for assessing the effect of the postoperative pharyngeal airway space increase due to the MMA surgery. A larger negative value of the pressure effort indicates the patient needs to breathe harder to inspire the specified air flow rate. Figures 16 and 17 show distributions of computed pressure efforts on pre-and postoperative upper airway walls of Cases 1 and 12, respectively. Colors are used to indicate the magnitude of the pressure effort in mm water, where red indicates the smallest effort and blue indicates the largest effort. It can be clearly seen that for both cases the pharyngeal airway cross-sections were enlarged due to the MMA surgery, and thus, the postoperative upper airways required less pressure efforts.
In our CFD simulations, the nasal cavities were used to develop airflows properly for pharyngeal airways. We assume that a generic nasal cavity geometric model can be developed for this purpose. It will be adjusted to every patient with several size parameters and then superimposed to the pharyngeal airways. This approach will be tested with several cases. We expect that it will ease the geometry extraction and manipulation process significantly.
Closing Remarks
Pre-and postoperative upper airway models were created for each of eight OSAS cases from clinically-used CT data sets to perform viscous CFD simulations. A new protocol for CT scanning is needed to create pre-and postoperative upper airway models for each patient suitable for CFD simulations. The geometry extraction and manipulation process was the most time-consuming and labor-intensive because of the low-resolution CT data sets compared to the complex human nasal cavity structure. Our steady-state, turbulent inspiratory flow simulation results for two cases clearly showed that the postoperative upper airways required less pressure efforts because of the enlarged pharyngeal airway space due to the MMA surgery. Mesh generation and CFD simulations were performed quickly once upper airway models were created. A generic nasal cavity geometric model with several size parameters will be created and tested to ease the geometry extraction and manipulation process. Side view of Case 2 preoperative CT data set with a closed pharyngeal airway Coronal cross-sections of the hybrid mesh generated for Case 12 preoperative upper airway model Axial cross-sections of hybrid meshes generated for Case 12 (a) pre-and (b) postoperative upper airway models Hybrid meshes generated for Case 1 (a) pre-and (b) postoperative upper airway models with postoperative skin as reference Hybrid meshes generated for Case 5 (a) pre-and (b) postoperative upper airway models with preoperative skin as reference Hybrid meshes generated for Case 6 (a) pre-and (b) postoperative upper airway models with postoperative skin as reference Hybrid meshes generated for Case 13 (a) pre-and (b) postoperative upper airway models with postoperative skin as reference Hybrid meshes generated for Case 18 (a) pre-and (b) postoperative upper airway models with postoperative skin as reference Hybrid meshes generated for Case 19 (a) pre-and (b) postoperative upper airway models with postoperative skin as reference Hybrid meshes generated for Case 23 (a) pre-and (b) postoperative upper airway models with postoperative skin as reference Comparison of pressures efforts of the airflow in Case 12 (a) pre-and (b) postoperative upper airway models with postoperative skin as reference Table 1 Condition of CT data sets for 23 cases and basic patient information including pre-and postoperative Respiratory Disturbance Indices (RDIs): Cases suitable for CFD simulations indicated by gray cells 
